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1.1 What are solar-like oscillations? 

Oscihations in the Sun are excited stochasticahy by convection. We use 
the term solar-like to refer to oscihations in other stars that are excited 
by the same mechanism, even though some of these stars may be very 
different from the Sun. The stochastic nature of the excitation produces 
oscillations over a broad range of frequencies, which in the Sun is about 1 
to 4mHz (the well-known 5- minute oscillations). Stellar oscillations can 
also be excited via opacity variations (the heat-engine mechanism, also 
called the n mechanism) , as seen in various types of classical pulsating 
stars (Cepheids, RR Lyraes, Miras, white dwarfs, 6 Scuti stars, etc.). 

For a star to show solar-like oscillations it must be cool enough to have 
a surface convective zone. In practice, this means being cooler than the 
red edge of the classical instability strip, which includes the lower main 
sequence, as well as cool subgiants and even red giants. Indeed, solar-like 
oscillations with periods of hours (and longer) have now been observed in 
thousands of G and K giants (see Sec. ll.9p . There is also good evidence 
that the pulsations in semiregular variables (M giants) are solar-lik e 
( Christensen-Dalsgaard et all 1200 ll:lBeddinj . l2003HTabur et ahlboiol) 



as pe rhaps are those in M supergiants such as Betelgeuse (jKiss et al, 
20061) . 



What about hotter stars? By definition, solar-like oscillations are ex- 
cited stochastically in the outer convection zone. Given that surface 
convection is thought to in hibit operation of the k mechanism (e.g., 
Gastine and Dintranj . 12011 ). it seems that solar-like and heat-engine 
oscillations would be mutually exclusive. In fact, bot h may operate 



in a star provided the surface conv ection layer is thin (jSamadi et al. 



2002t iKallinger and Matthewsl . 120101) and there is evidence from Kepler 
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data for solar-like oscillations in at least one S Scuti star ( AntocietaL 



20111 ). There has even been a suggestion that su b-surface convec t ion in 



B-type stars could ex cite solar-like oscillations (jCantiello et alj . 12009 : 



Belkacem et al. 



2OI0I) 



There is some evidence from CoRoT observa- 
tions that the 13 Cep hei star V1449 Aql shows solar-like oscillations 



( Belkacem et al.l . l2009i) . although other interpretations are possible (|Degroote et al. 



20091 ) and Kepler observations of simil ar stars have so far failed to con- 
firm stochastica l ly-exc ited oscillations (|Balona et al.l . 120111) . Meanwhile, 
Degroote et al.l ( 20101 ) suggested that the 0-type star HD 46149 shows 
stochastically-excited oscillations, based on CoRoT photometry. 



1.2 Properties of oscillations 

We now summarise the main properties of solar-like oscillations. Fo r 
more extensive di scussion see, for example, Brown an d Gilliland ( 11994 ^ 



Bedding and Kie dse 
and Aerts et al] (201 



2003l) . IChristensen-Dalsg~d (2004) . Ballot! (|201ol ) 



1.2.1 Types of oscillation modes 

Broadly speaking, there are two types of stellar oscillations. Pressure 
modes {p modes) are acoustic waves, for which the restoring force arises 
from the pressure gradient. These are seen in the Sun and sun-like stars, 
and also in most of the classical pulsators. For gravity modes (17 modes) 
the restoring for ce is buoyancy. The best studied examples occur in 
white dwarfs (see lAlthaus et al.ll2010l for a recent review), but g modes 
are also seen in other classical pulsators such as 7 Dor stars, slowly 
pulsating B stars and some sdB stars. Some stars have been found to 
have both p modes and g modes, including hy brid S Scuti/7 Dor stars 
( Grigahcene et al.l . I2OIOI ) and possibly the Sun (JGarcia et al.U2008[) . Fi- 
nally, some stars oscillate in mixed modes, which have p-mode character 
in the envelope and g-mode character in the core. These are discussed 
in Sees. [LSI and \T^ First, however, we consider p modes in some detail 
because they are most relevant to the topic of solar-like oscillations. 

Mathematically, each p mode can be described by three integers. The 
radial order (n) specifies the number of nodal shells of the standing 
wave. In the Sun, the modes with the highest amplitude have n in the 
range 19-22. The angular degree (I — 0,1,2,...) specifies the number 
of nodal lines at the surface. Modes with I = are called radial modes 
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and those with I > 1 are non-radial modes. In addition, modes with 
I = are sometimes called monopole modes, while those with I = 1 are 
dipole modes, those with I = 2 are quadrupole modes, and those with 
I — 3 are octupole modes. Since the surface of a distant star is generally 
not resolved, cancellation effects mean that only modes with I < 3 (or 
perhaps 4) are observable. 

The third integer that specifies a mode is the azimuthal order (m), 
which takes on values from — / to +1. However, the oscillation frequencies 
do not depend on m unless the star is rotating (or spherical symmetry is 
broken in some other way, such as by the presence of a magnetic field). 
For a rotating star, the modes with a given n and I are split in frequency 
into a multiplet with 21+1 components (one for each value of m). The 
frequency separation between these components is proportional to the 
rotational frequency of the star and their relative amplitudes depend on 
the inclination angle between the stellar rotation axis and the line of 
sight. The study of rotational splitting in solar-like oscillations, while 
showing great promise, is still in its infancy and will not be discussed 
further in this chapter. 

The comments in the preceding two paragraphs also apply to g modes, 
but note that (i) radial g modes do not exist (and, therefore, neither 
do radial mixed modes), (ii) n is generally taken to be negative for 
g modes (see Sec. 3.5.2 of lAerts et al.l 12010 for a full disc ussion), and 



(iii) r otational splitting of g modes depends on I (Sec 3.8.4 of lAerts et al, 
2O10l) . 



1.2.2 The frequency spectrum of oscillations 

Figure [TTTb shows the frequency spectrum of p modes in the Sun. The 
envelope of the peak heights defines the frequency of maximum power, 
J^max, which has a value of about 3100 /iHz in the Sun. The mode frequen- 
cies show a very regular pattern that is characteristic of an oscillating 
sphere. Figure [TTTb shows a close-up labelled with the (n, I) values of the 
modes, which were determined by comparing with theoretical models. 
Note the alternating pattern of large and small separations as I cycles 
repeatedly through the values 2, 0, 3, 1, 2,0,.. .. The quantity Av is the 
spacing between consecutive radial overtones (that is, modes with a given 
/ whose n values differ by 1). It is called the large frequency separation 
and has a value of 135 /iHz in the Sun. To a good approximation, Aiy is 
proportional to the square root of the mean stellar density (see Sec. ll.6|) . 
In Fig. II. lb we see two so-called small frequency separations: 5vo2 is 
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Figure 1.1 The solar power spectrum from ten days of disk- 
JnteRrated velocity m easurements with the BiSON instrument (e.g., 
IChaplin et al.l . [19971) . Panel (b) shows a close-up labelled with {n,l) 
values for each mode. Dotted lines show the radial modes, and the 
large and small separations are indicated. 



the spacing between close pairs with I = and I = 2 (for which n differs 
by 1) and 5vi^ is the spacing between adjacent modes with I = 1 and 
/ — 3 (ditto). Another small separation can be defined by noting that 
the / = 1 modes do not fall exactly halfway between I = modes. We 
define 5vm to be the amount by which I = 1 modes are offset from the 
midpoint of the I = modes on either side|^ To be explicit, for a given 



^ One can also define an equivalent quantity, 5v\(,, as the offset of Z = modes 
from the midpoint between the surrounding Z = 1 modes, so that 
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radial order, n, these separations are defined as follows: 

61^02 = f„,o - i'n-1,2 (1-1) 

Si^ai = 5(;^n,o + i^n+1.0) - i^n,i (1-2) 

Sl^ia ^ Vn,! ~ 1^71-1,3- (1-3) 

In practice, the oscillation spectrum is not precisely regular and so all 
of these spacings vary slightly with frequency. 

The I = 4 modes are weakly visible in Fig. ll.lb (at 3000 and 3136 /zHz). 
By analogy with ^ = 2, we can define the small separation for these modes 
as 

SiyQi = l^nfi - i^n-2,4- (1-4) 

Finally, we note that each peak in the power spectrum in Fig. II. lb 
is slightly broadened, which reflects the flnite lifetimes of the modes. If 
we define the lifetime r of a damped oscillation mode to be the time for 
the amplitude to decay by a factor of e then this mode will produce a 
Lorentzian shape in the power spectrum with a linewidth (FWHM) of 
r = (ttt)^^. The dominant modes in the Sun have linewidt hs of 1-2 /xHz 



and hence lifetimes of 2-4 days (e.g., IChaplin et al.l . 119971 ). 



1.2.3 The echelle diagram 



The echelle diagram, first introduced by iGrec et al.l (|1983l ) for global 
helioseismology, is used extensively in asteroseismology to display oscil- 
lation frequencies. It involves dividing the spectrum into equal segments 
of length Av and stacking them one above the other so that modes with 
a given degree align vertically in ridges. Any departures from regularity 
are clearly visible as curvature in the echelle diagram. For example, vari- 
ations in the small separations appear as a convergence or divergence of 
the corresponding ridges. 

Figure [L^ shows the observed frequencies in the Sun in echelle format 
for modes with I < 4 (filled symbols), using a large separation of Au = 
135.0 /zHz. Using a slightly smaller value of Ai/ causes the ridges to tilt 
to the right, as shown by the open symbols for Z = only. It also shifts 
the ridges sideways, which is important if we are trying to measure the 
quantity e (see Sec. 11.2.4)) . 

Sometimes the ridges wrap around, which has almost happened to 
the I = 1 modes at the top of Fig. 11.21 (filled triangles). Of course, the 
diagram can be made wider by plotting the ridges more than once (an 
example is shown in the right panel of Fig. ll.lOp . Also note that one 
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Figure 1.2 Echell e diag ram of the observed frequencies in the Sun 
(|Broomhall et all 120091 ). The filled symbols show the frequencies 
of modes with Z = 0, 1, 2, 3 and 4, using a large separation of 
Av = 135.0 ^Hz. The open symbols show the result of plotting 
the I = frequencies modulo a slightly smaller large separation 
{Au = 134.5 ^Hz). 



can shift the ridges sideways by subtracting a fixed reference frequency, 
which must be kept in mind when reading e from the diagram (again, 
see Fig. I1.10|) . 

When making an echelle diagram, it is usual to plot v versus {ly mod 
Ai/), in which case each order slopes upwards slightly (see Fig. 11.21) . 
However, for greyscale images it can be preferable to keep the orders 
horizontal (an example is shown Fig. II. 4p . 
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1.2.4 The asymptotic relation 

The approximate regularity of the p-mode spectrum means we can ex- 
press the mode frequencies in terms of the large and small separations, 
as follows: 

Vn,i ~ Aiy{n+ ^l + e) - Si/Qi. (1.5) 

Here, Vn.i is the frequency of the p mode with radial order n and angular 
degree I (and assuming no dependence on m, which means neglecting 
any rotational splitting) . By definition, the small separation Svoi is zero 
for Z = 0. Its values for Z = 1, 2 and 4 have already been discussed 
(Eqs. 11.11 11.21 and ll.4p . For I — 3 we have Si^o^ = Svoi + Si^i^, and we 
note that 61^03 is the amount by which the I — 3 mode is offset from the 
midpoint of the adjacent I = modes. This is arguably a more sensible 
measurement of the position of the / = 3 rid ge than Svi^ because it is 



made with reference to the radial modes (see iBedding et al.l . l2010bl ) 



Equation 11.51 describes the oscillation frequencies fro m an observa- 



tional perspective. A theoretical asymptotic expression ([Tassoull . Il980 ; 



Goughl . llQSa . I2OO31) gives physical significance to Ai/, Svqi and e as in 



tegrals of the sound speed. It turns out that the large separation is ap- 
proximately proportional to the square root of the mean stellar density, 
as discussed further in Sec. 11.61 The small separations in main-sequence 
stars are sensitive to the gradient of the sound speed near the core, and 
hence to the age of the star (see Sec. ll.7p . The asymptotic analysis (see 
previous references) indicates that Svoi is proportional to 1 (1 + 1). Finally , 



e is sensitive to upper turning point of the modes fe.g.. iGouehl Il986 : 
Perez Hernandez and Christensen-Dalsgaardill998tlRoxburghll201Cl ). In 



the echelle diagram, e can be measured from the horizontal position of 
the I = ridge. In practice there is an ambiguity in e if n is not known 
(see Eq. II. 5p . In the Sun we know from theoretical models that e sa 1.5 
(rather than 0.5), which allows us to find the correct value of n for each 
mode. But it is important to remember that n is not directly observable. 

1.2.5 Departures from the asymptotic relation 

The asymptotic relation in Eq. 11.51 is only an approximation. Looking 
at Fig. 11.21 we see that the ridges all curve in an 'S' shape that is par- 
ticularly pronounced at low frequencies. We also see that the I = 
and I = 2 ridges converge towards to top, as do the I = 1 and I = 3 
ridges. How should we best describe these departures? One approach 
is to say that Av is a function of both I and frequency. In fact, doing 



8 
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this is sufficient to describe all of the features just mentioned. How- 
ever, it is physically more sensible to say instead that the convergence 
of the ridges is due to changes of the various small separations with fre- 
quency. Indeed, a linear dependence o f 61^02 on frequency fits the solar 
data quite well (lElsworth et all . |l990|), and has been adopted for other 
stars ([White et al.l . I2OIII ) . If we allow the small separations to vary with 
frequency then there is no longer any need to allow Au to be a function 
oil. 

What about the overall S-shaped curvature? This can be described as 
a change of Av with frequency, and this is often done. However, it seems 
physically more sensible to ascribe the curvature to variations with fre- 
quency of e (e.g., iGouehl . llQSa IPerez Hernandez and Christensen-DalseaardL 



1998t iRoxburghL 120101 ). This allows Av to have a single value that is in- 
dependent of both I and frequency. However, in practice if we are given 
a set of frequencies (either observed or calculated) then Av and e must 
be measured together, preferably in the region centred on fmax- As we 
see from the open symbols in Fig. 11.21 a small change in Aiy translates 
to quite a large cha nge in e. These issues are discussed in some detail by 
White et al.l (l201lh . 



1.3 Ground-based observations 



We now review some of the observations of solar-like oscillations. More 
details and additional references can be found in various review articles 



(e.g.jBrown and Gillilandl.ll994l:lHeaslev et al.l.ll 996: Be dding and Kieldsen 
12003*: 'Christensen-DalsgaardU2004 tlCunha et alli2007i:iBazot et ahlboOS : 



[Bedding and Kjcldscn, 2008; Acrt s et ahlboOSl ). FigureOis an HR di- 
agram showing most of the stars mentioned below. 

When global oscillations were discovered in the Sun, it was quickly 
realised that measuring similar oscillations in Sun-like stars would be 
tremendously valuable. Several unsuccessful attempts were made (e.g., 
Traub et al.l . Il978t iBaliunas et al.l . Il98ll : ISmithl . Il982l ) and some detec- 



tions w ere claimed over the next decade but a review bv lKieldsen and Bedding 
( I995I) concluded that none were convincing. However, it no w seems clear 



that t he excess power in the F5 star Procyon reported by iBrown et al. 



(|l991r) was indeed due to oscillations and should be recognised as the first 
such detection, although it took some time and more observations f or the 
large separat i on (about SS/xHz) to be es tablished (|Mosser et al.l . Il998 : 
Martic et al.l . Il999t iBarban et al.l . |l999). Furthermore, even a multi- 
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Figure 1.3 Hertzsprung-Russell diagram showing stars with solar-like 
oscillations for which Af has been measured. Filled symbols indicate 
observations from ground-based spectroscopy and open symbols in- 
dicate space-based photometry (some stars were observed using both 
methods). Note that stars observed by Kepler are not included. Fig- 
ure courtesy of Dennis Stello. 



site campaign on Pro cyon using eleven telescopes at eight observatories 
( Arentoft et al. . 2008 ) has fa iled to give an unambiguous mode identifi- 
cation (JBedding et al.l . l2010al) . due to the short lifetimes of the oscillation 
modes (see Fig. II. 4p . We refer to this as the F star problem (see also 
Seem. 

Most early oscillation searches measured Doppler shifts in radial ve- 
locities. However, a major effort to measure oscillations in intensity was 
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Figure 1.4 Echelle diagram of Procyon from the multi-site campaign, 
showin g broadening due to short mode lifetimes {Bedding ct ^, 
l2010al '). Which ridge is Z = 1 and which is / = and 2? Note that the 
power spectrum has been smoothed to a resolution of 2 fiUz. 



m ade in a multi-s i te ph otometric campaign on the open cluster M67 
by iGilliland et alj (jl993l) . Photometric measurements have the big ad- 
vantage of allowing simultaneous measurements of many stars This has 
now been done from space by the CoRoT and Kepler missions, but 
ground-bas ed photometry i s seve rely hampered by atmospheric scintil- 
lation. The IGilliland et al.l ( 1993I) M67 campaign did not produce def- 
inite detections, although it did indicate that oscillation amplitudes of 
F sta rs have lower amplitudes tha n expected from theoretical calcula- 
tions ([Kieldsen and BeddinsJ . ll995l ). It now seems clear that low oscilla- 
tion amplitudes in F stars are a direct result of the short mode lifetimes 
that were mentioned above for Procyon. 



A th ird method for detecting oscillations was applied bv lKieldsen et al. 
(|1995h to the GO subgiant ry Boo. This method involved measuring fluc- 
tuations in the equivalent widths of the temper ature-sensitive Balme r 
lines using low- resolution spectroscopy (see also iBedding et al.l . Il996r) . 



It produced good evidence for multiple oscillation modes in 77 Boo with 
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a lar ge spacing of 40 ^Hz Subsequent observa tions confirmed this re- 



sult (JKieldsen et all l2003t ICarrier et all 120051 ). establishing rj Boo as 



the first star apart from the Sun with a clear detection of solar-like os- 
cillations. A very interesting resul t for r> Boo, already apparent from the 
data obtained by iKieldsen et al.l (|1995l ) , was the departure of some of 
the dipol e (I = 1) modes from their regular spacing. This was inter- 
preted by IChristensen-Dalsgaard et al.l (|1995[ ) as arising from bumping 
of mixed modes, as discussed in more detail in Sec. 11.81 Meanwhile, the 
equivalent- width method for observing oscillations turned out to be more 
sensitive to instrumental drifts than we hoped, although observations of 



a Ce n A did produce tentative evidence for p modes (JKieldsen et al. 
19991) . 



Major breakthroughs came from improvements in Doppler precision 
that were driven by the push to find extra-solar planets. Observations 
of the G2 subgiant st ar (3 Hyi, made with UCLES on the 3.9-m Anglo- 
Australian Telescope (IBedding et al. . 2001 ) and co nfirmed with CORALIE 
on the 1.2-m Swiss Telescope ([Carrier et al.l . 12001 ). showed a clear power 
excess with a regular spacing {Av = 56/zHz). This result was hailed by 
Gougbl (J200ll) as the birth of asteroseismology, but that honour should 
probably go to the clear dete ction using CORALIE of the p-mode oscilla- 
tion spectrum in a Cen Abv lBouchv and Carrier] (|2001. 2002) (Fig.fTSl). 

Following on from these successes, a series of observations were made 
using high-resolution spectrographs on medium-to-large telescopes. Some 
spectrographs were equipped with an iodine cell, such as UCLES at 
t he AAT (see abo ve), UVES on the 8.2-m Very Large Telescope (e.g.. 



Butler et al. ^ 2004 ) and SA RG on the 3.6-m Telescopio Nazionale Galileo 
(e.g.. lBonanno et al.l . 120081 ). Other spectrographs used a thorium-argon 



lamp, including CORALIE (see above), as well as HARPS on the Eu- 
ropean Southern Observatory's 3.6-m telescope. HARPS has produced 
some particularly impressive results, including the fi rst application of as- 
teroseismology to a planet- hosting star {fj, Ara; see lBouchv et al.ll2005 : 
Bazot et al.ll2005 ). an age for i Hor th at implies it is an evap orated mem- 



ber of the primordial Hyades cluster (jVauclair et al.l . 120081 ) , and the de- 



tection of oscillations in the remarkable solar twin 18 Sco ( Bazot et al 



2011 ) 



Another important development was the clear detection of oscilla- 
tions in the red giant star £ Hya base d on one month of observations 



with CORALIE (|Frandsen et al.l . l2002l) . This confirmed that red giants 



do indeed show solar-like oscillations, as already suspected from earlier 
observations of Arcturus and other stars. However, the oscillation peri- 
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Frequency [mHz] 



Figure 1.5 Power spectrum of a Cen A from velocity obser- 
vations over 13 niRht with the CORALIE spectrograph by 
iBouchv and Carried (|2002l 1. 



ods of several hours mean that extreniely long time series are needed, 
and the development of red-giant asteroseismology had to wait until 
dedicated space missions, as discussed in Sec. 11.41 

Single-site observations suffer from aliases, which complicate the inter- 
pretation of the frequency spectrum (see Se c. 11.51). Some stars hav e been 
obser ved from two sites , including C Her ( Bertaux et ah j_ 20031). Pro- 



cyon (iMartic et al.l.l2004lKambe et al.l . 120081 ) . a Cen A (JBedding et al. 
2004 ) , a Cen B rKicldse n et al. . 2p05|). ly Ind (a metal -poor subgiant 



Bedding et all . [2006.: Carrier et al.l . boO?! ). and P Hyi JBedding et al. 
20071) . The star /3 Hyi is a subgiant that, like rj Boo, shows mixed I = 1 
modes that are irregularly spaced (see Sec. ll.8p . 

Organising multi-site spectroscopic campaigns is difficult and the only 
example so far was carried out on Procyon (see above). The next step 
is SONG, a dedicated n etwork of 1-m te l escope s equipped with iodine- 
stabilized spectrographs iGrundahl et al.l (|2006l ). The first node is cur- 
rently under construction on Tenerife. Even in the era of space aster- 
oseismology, ground-based velocity measurements retain some advan- 
tages. The background noise from stellar granulation is lower than for 
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13 



intensity observations, allowing better signal-to-noise at low frequencies. 
There is also the ability to cover the whole sky and to target nearby stars 
whose parallaxes and other parameters are accurately known, such as 
the stars mentioned in this section. 



1.4 Space-based observations 

Making photometric measurements from space avoids the scintillation 
caused by the Earth's atmosphere and allows very high precision, even 
with a small telescope. Depending on the spacecraft orbit, it is possi- 
ble to obtain long time series with few interruptions. The first space 
photometer dedicated to asteroseismology was the EVRIS experiment 
aboard the Russian Mars 96 spacecraft. EVRIS was intended to carry 
out asterose i smology of bright stars during the cruise phase of the mis- 
sion ([Baglinl . Il99ll : iBuev et al.l . Il997l ) but unfortunately the launch failed 
and the mission was lost. 

Other asteroseismology missions were proposed, includ ing PRI SMA 



( Appourchaux et al.l . ll993h. STARS (IFridlund et al.l . ll994l) . MONS (|Kieldsen et al. 



i 



20031) . None of these made 



2000h and Eddington ([Roxburgh and Favatal . 
it though to construction and the first success came from an unex- 
pected direction. After the failure of NASA's Wide-Field Infrared Ex- 
plorer satellite ( WIRE) immediately after launch due to the loss of 

coolant, its 50- mm star camera was used for asteroseismology bv iBuzasi 

( 2002 ) . WIRE was able to detect solar-like oscillations in a Cen A ( Schou and Buzasi 



2001 



Fletcher et all. 120061) and also in seve ral red giants ([Buzasi et al 



2OO0HRetter et al.l . boostlstello et all . boosi) . The SMEI experiment (So 



lar Mass Ejection Imager) on board the Coriolis s atellite has also been 
used to measure oscillations in bright red giants (JTarrant et al.l 12007 . 
2008[) . Finally, we note that the Hubble Space Telescope has been used on 
seve ral occasions to observe solar-like oscilla t ions, both via direct imag- 



ingJ Edmonds and Gillilandl . ll99d[Gillilandl . l2008Hstello and Gilliland . 
20091) and also using its Fine Guidance S ensors (jZwintz et al.l . Il999 : 



Kallinger et al.l . 120051: iGilhland et al.l . 120111 ). 



The first dedicated asteroseismology mission to be launched success- 
fully was MOST {Microvariability and Oscillations of Stars ) , which 
is a 15-cm telescope in low-Earth orbit ( Walker et al.l . 12003 ). It has 
achieved great success with observations of classical (heat-engine) pul- 
sators. In the realm of solar-like oscillations, controversy was gener- 
ated when MOST failed to find evidence for oscillations in Procyon 
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( Matthews et all 120041) . However. iBedding et alj (|2005l ) argued that the 
MOST non-detection was consistent with the ground-based data. Using 
photometry with WIRE, iBruntt et al.l (|2005[ ) extracted parameters for 
the stehar granulation and found evidence for an excess due to oscilla- 
tions. The discrepancy was finally laid to rest when lHuber et al.l (J2011al) 
found an oscillation signal in a new and more accurate set of Procyon 
MOST data that agreed well with results from the ground-based velocity 
campaign (see Sec. 11.31) . 

The French- led CoRoT mission, launched in December 2006, is a 

27-cm telescope in low-Earth orbit. It has contributed substantially to 

the li st of main-sequence and subgiant stars with solar-like oscillations 

e.g.-lApDourchaux et aP. bood iMichel et al.l. liooJ: iBarban et al.l. 12009 : 



Garcia et al.l . l2009HMosser et ahLbooalDeheuvels et all . 120101: iMathur et al 
2010al) . In particular, it has highlighted what might be called 'the F star 



problem' in stars su ch as HD 49933 (e.g., lAppourchaux et al.l. 12008 : 



Benomar et al.L 20091). which is also a probl em in Procyon ( Bedding et al. 



2010at see also lBedding and Kieldsen 



2010t ). This refers to stars in which 
the mode lifetimes are so short that the I — and I = 2 modes are 
blended, making them indistinguishable from I — 1 modes. This makes 
it difficult to decide which ridge in the echelle diagram belongs to I = 1 
and which belongs to Z = and 2, although measurement of e may be 
able to resolve this ambiguity (see Sec. 11.71) . 

A major achievement by CoRoT came from observations of hun- 
dreds G- and K-type red giants that showed clear oscillation spectra 
that were remark ably solar-li ke, with both radial and non-radi al modes 
|De Ridder eTal.: . 2009; Hekker et al.l . l2009HCarrier et ahlboiol). CoRoT 



conti i iues to produce excellent results on red giants (e.g. , iMiglio et al.l . 
2009t iKalhnger et~all . boiObt iMosser et aP. boiol boilbl). and also on 



main -sequence and subgiant stars (e.g.. lMathur et al.l . l2010btlBallot et al 
201 ll) 



Finally we come to Kepler, which began science observations in May 
2009. It has a 95-cm aperture and operates in an Earth-trailing helio- 
centric orbit, allowing continuous observations without interference from 
reflected light from t he Earth. Although i ts primary goal is to search for 



extra-solar planets (JBorucki et al.l . 120101) . it is no exaggeration to sa y 



that Kepler is revolutionising asteroseismology ( Gilliland et al.l . l2010br) . 
Mo st stars are observe d in long-cadence mode (sampling 29.4 minutes; 
Jenkins et al.ll2010r) . which is adequate to study oscillations in most 



see 



red giants but is not fast enough for Sun-like stars. Fortunately, about 
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500 stars at a time can be obse rved in short-cadence mode (sampling 
58.8s; see lGillilandet al.lboiOal) . 

For the first seven months of science operations, a survey was carried 
out with Kepler's short-cadence mode that targeted more than 2000 
main-sequence and subgiant stars for one month each. The survey de- 
tected solar-like oscillations, inc l uding a clear measurement of Az^, for 
about 500 stars (jChaplin et al.l . 1201 II ). representing an increase by a 
factor of ^20 over the situation prior to Kepler. 

Some of thes e stars have been st udied individually. The first three 
to be published dChaolin et al.l . l2010l) were 'Java' (KIC 3656476), 'Saxo' 
(KIC 6603624) and 'Gemma' (KIC 11026764)1 Java and Saxo are main- 
sequence stars, while Gemma is a subgiant showing bumped I = 1 modes 
(|Metcalfe et al.ll2010l : see Sec. ll.8l for a discussion of mode bumping). A 
small fraction of the survey stars were observed continuously since the 
start of the missior|j. Of these, results have so far been published on 



' Tigge r' (KIC 11234888) and 'Boogie' (KIC 11395018) bv lMathur et al. 



( 201lh. and on ' Mulde r' (KIC 10273246) 'Scully' (KIC 10920273) by 



Campante et al.l (|201ll ). 

As mentioned, the long-cadence mode of Kepler is perfectly adequate 
for red giants, and solar-like oscillations have been detected in thousands 



of them (e.g..lBedding et al.l l2010bl : iHuber et al.l . I2OIOI : iKallinger et al 



2010a jHekker et al.l.l2011bl). including some i n open clusters (jStello et al. 
2010t iBasu et al.l . I2OIII : iHekker et al.l . l2011a K Some of these results are 



discussed in more detail in S ec. 11.91 (see also reviews bv lHekkeiil2010l and 
Christensen-Dalsgaardll201 1 ) . 



1.5 A few comments about Fourier analysis 

Fourier analysis is an indispensable tool for asteroseismology. This sec- 
tion introduces some of the most importa nt aspec t s. For more details 



includ ing f ull references s ee, fo r example, IPiiperj (|2006h . lAerts et al 
( 2O10f ) and lAppourchauxl |201l[ ). 



The amplitude spectrum of a time series tells us which frequencies are 



Within the Kepler working groups, some stars are known by nicknames for 

convenience. 

Note that one of the 22 CCD modules on Kepler failed after seven months of 

operation. Since the spacecraft rotates by 90 degrees every three months to 

maintain the orientation of the solar panels, about 20% of stars will fall on this 

failed module at some time during the year, creating annual 3-month gaps in the 

data for those stars. 
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present, and with which amplitudes. Note that the power spectrum is 
simply the square of the amplitude spectrum. A useful way of thinking 
about the amplitude spectrum is as follows. We choose a frequency u 
and perform a least-squares fit of a sine wave to the time series. That is, 
we fix the frequency of the sine wave to be v and we vary the amplitude 
and phase until we get the best fit. If the quality of the time series is 
not uniform, as always happens with ground-based observations, it is 
important to w e ight t he data using the measurement uncertainties (e.g., 
Frandsen et al.l . Il995l) . The amplitude of this best-fitting sine wave is 



our result (for solar-like oscillations, which are stochastically excited, we 
are usually not interested in the phase). Repeating this calculation for 
a range of different frequencies generates the amplitude spectrum. 

This way of describing the amplitude spectrum allows us to under- 
stand several important properties. Firstly, it is clear that the obser- 
vations do not need to be equally spaced in time (and ground-based 
observations generally are not). Now suppose our time series consists 
of a single sinusoidal signal. If we choose the correct frequency then 
the best-fitting amplitude will match the amplitude of the signal. If we 
choose completely the wrong frequency, the best-fitting sine wave will 
have a very small amplitude. But if we choose a frequency that is only 
slightly different from that of the signal, the best-fitting amplitude will 
be slightly less than the signal amplitude. Repeating this in small fre- 
quency steps will trace a sine function (sin ;//;/). Increasing the length 
of the time series will decrease the width of this sine function. 

If there are regular gaps in the time series, as occurs for ground-based 
single-site observations, then choosing the wrong frequency will still give 
a significant response in some cases. For example, suppose the sine wave 
we are fitting has a higher frequency than the signal, such that exactly 
one extra cycle fits into the gap. This sine wave will still give a fairly 
good fit to the data and we will get an extra peak in the amplitude spec- 
trum, called a sidelobe. The same thing occurs if the chosen frequency is 
exactly one cycle-per-gap lower than the signal frequency. We therefore 
expect two sidelobes, one on either side of the true peak. Sidelobes are 
an example of aliasing, which occurs when two or more different sine 
waves give good fits to the same data. The heights of the sidelobes rela- 
tive to the true peak will decrease as the gaps get smaller (and the duty 
cycle improves) . If the period of the gaps in the time series is Tg^p then 
the sidelobes of a signal having frequency v will occur at frequencies of 
v ± 1/Tgap. There will also be a smaller pair of peaks separated from the 
true peak by z^ ± 2/rgap, another pair at i' ± S/Tgap, and so on. 




Figure 1.6 Amplitude spectrum ol the solar twin 18 Sco, based on 
observations taken with HARPS over 12 nights. The inset shows the 
spectral window in amplitude, and the v ertical dashed line s hows the 
effective Nyquist frequency. Figure from lBazot et aLl l|2011f ). 



This leads to the concept of the spectral window, which is the power 
spectrum of a pure sine wave. It is sometimes incorrectly called the 
window function, but that term actually refers to the sampling in the 
time domain. In practice, the spectral window should be calculated by 
averaging the power spectra of a sine and a cosine wave, to eliminate 
end effects. Note that this averaging should be done in power and not 
in amplitude. The inset of Fig. 11.61 shows an example. 

The another example of aliasing occurs if the observations are reg- 
ularly sampled. A single sine wave with frequency v that is sampled 
regularly at intervals separated by St can be fitted equally well by a 
much higher-frequency sine wave having frequency 2i/Nyq — i', where 
z^yq — l/(25t) is called the Nyquist frequency. This aliasing still occurs, 
although with reduced amplitude, if the sampling is not exactly regular. 
An example is shown in Fig. II. 61 for ground-based data. In this case, one 
can define an effective Nyquist frequency based on the median sampling. 

It is sometimes assumed that the power spectrum does not contain 
any useful information above the Nyquist frequency, and that any signal 
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whose frequency is higher than i^Nyq cannot be measured. This is not 
true. For example, observations taken with Kepler in its long-cadence 
mode (sampling 29.4 minutes, i^yq = 283 /iHz) still contain useful in- 
formation about oscillations at higher frequencies, provided the power 
spectrum is interpreted with care. 



1.6 Scaling relations for Au and ly^ 



As mentioned in Sec. 11.2.41 the large separation scales approximately 
with the square root of the mean stellar density: 




-0.75 



(1.6) 



This scaling relation is very widely used, but how accurate is it ? It 
was recently tested using theoretical models by IWhite et alJ (|2011l ) . Of 
course, given the curvature in the echelle diagram, the measurement of 
Av depends on the freque ncy at which it is m easured (see Sec. I1.2.4| . 
The approach adopted by IWhite et al.l (|2011l ) was to fit to the radial 
modes near z^max (see the paper for details). They confirmed generally 
good agreement with Eg. ll.Gl but found departures reaching several per- 
cent. Interestingly, they found that these departures are predominantly a 
function of effective temperature and suggested a revised scaling relation 
that takes this into account. 

Even if Equation 11.61 (or a modified version) agrees with theoretical 
models, this does not necessarily mean it is accurate for real stars. There 
are well-known discrepancies between the observed and calculated oscil- 
lation frequenc ies in the Sun, which are due to inco r rect modeling of the 
surfa c e layers ( Christensen-Dalsgaard et al. . Il988t iDziembowski et al 



1988t [Rosenthal et al.l Il999t IlI et al.l . I2OO2I ). These discrepancies iu 



crease with frequency so there must also be a discrepancy in Av. In- 
deed, the value of Ai/ of t he best-fitting solar m odel is about 1% greater 



than the observed value (JKieldsen et al.l . I2OO8I ). We can hardly expect 



the situation to be better in other stars, and a solution to the problem 
of modelling near-surface layers is urgently needed. 

Another important and widely used scaling relation expr esses Vmax in 



terms of stellar parameters. It is based on the suggestion bv lBrown et al. 
( 199lh that t'niax might be expected to be a fixed fraction of the acoustic 
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predicted v^^.^^ (mHz) 

Figure 1.7 Testing the scaling relation for Vmax- Va lues fo r the s tellar 
parameters were ta ken from the compilations bv iBruntd (|2009l ) and 
iBruntt et all (|20ia '). with the addition of ' Pooh' (KIC 4351319), a 
low-luminosity red giant observed by Kepler (|Di Mauro et al.l . l201ir ). 



cutoff frequency, which in turn scales as Teff /y^. Hence we have: 



M ( T, 



J^max,© Mq \TcftQ 



tcff 



3.5 



L 



(1.7) 



This relation has been show n to agree quite well with obs ervations 



( Bedding and Kieldsenl 120031 ) and also with model calculations (jChaplin et al 



2008bl). and ha s rece ntly been given some theoretical justification by 
Belkacem et al.l (J2011I ). Figure [TTTl shows the expected and observed val- 
ues of fmax for some well-studied stars with accurate parallaxes. There is 
generally very good agreement except for the two low-mass stars r Get 
and 70 Oph A. If confirmed, this may indicate a breakdown of the as- 
sumption that t'max is a fixed fraction of the acoustic cutoff frequency. 
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1.7 Ensemble asteroseismology 

The wealth of data from CoRoT and Kepler ahow us to carry out 
what might be called ensemble asteroseismology. This involves study- 
ing similarities and differences in groups of stars, and is complementary 
to the detailed study of a few individuals. Several groups have developed 
pipelines to process the large amounts of data and extract the global pa- 
rameters such as I'max, Ai^ and amplitude. These various pipelines have 
been tested and c ompared using both simulations ( Chaplin et al.l . l2008a[) 



and Kepler data (JHekker et al.l . l201ld : IVerner et al.l . 120111) 



Ensemble asteroseismology can be carried out using asteroseismic di- 
agrams, in which two properties of the oscillation spectra are plotted 
against one another. Here, we briefly discuss some of these diagrams. 



The C-D diagram: T he plot of small versus large f requency separa- 
tions, first introduced by IChristensen-DalsgaardI (jl984r ). has come to be 
known as the C-D diagram. A modern version is shown in Fig. 11.81 In 
main-sequence stars, the tracks for different masses and ages are well 
spread, allowing both to be read off the diagram. However, note that 
the positions of the tracks depend on metallicity, and so this must b e 
taken into account (for details and references, see IWhite et al.l 120111) . 
For more evolved stars, the tracks converge and the small separation be- 
comes much less sensitive as a diagnostic. C -D diagrams for red g iants 
observed with Kepl er have been presented bv lBedding et al.l (|2010bh and 
Huberet al.l (l20inll . 



The fmax-Ai^ diagram: The strong correlation between z/ 



and Av 



was fi rst plotted for main-s equence and subgian t stars by iStello et al. 
(|2009l) and for red giants bv lHekker et al.l (|2009l ). The tightness of this 
relationship follows from the scaling r e lation s (Eas. [TT5l and ll.7| ). as dis- 
cussed in some detail bv IStello et al.l ( 20091 ). The relationship extends 
over several orders of magnitude (see Fig. II. 9p . making it a useful pre- 
dictor of Al/. 



The e diagram: As discussed in Sec. 11.2.41 the parameter e is sensitive 
to the surface layers of the star but needs to b e measured carefully. A 
diagra m showing e versus Aiy was calculated by IChristensen-DalsgaardI 



1984 ) , but its diagnostic potential was not realised until recently. iBedding and Kieldsen 



20101) suggested that e could be used as an aid to mode identification 



(the 'F star problem'; see Sees. [T3I and II. 4p . The first observationl e 
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Figure 1.8 The so-called C-D diagram, which plots the large 
and small frequency separations. The solid lines show model 
calculations for solar metalli city using ASTEC and ADIPLS 
(jChristensen-Dalsgaardl . I2008al lbr). with the dashed lines being 
isochrones from zero to 12 Gyr (top to bottom) in steps of 2 Gyr. 
The points show measurements of stars showing solar-like oscilla- 
tions. Figure adapted from .White et al.. (i2011i '). 



diagra m was made for red giants observed with Kepler by iHuber et al. 



(2010|), who used i t to suggest mode id entifications for four CoR o T red 
giants discussed bv lHekker et al.l ( 20101) . Meanwhile. I White et al.l (2011) 
have shown that e is mostly determined by the stellar effective tempera- 
ture and demonstrated that it is indeed useful for addressing the F star 
problem. 



1.8 Mode bumping and avoided crossings 



As mentioned in Sec. I1.2.1[ mixed modes have p-mode character in 
the envelope and g-mode character in the core. They occur in evolved 
stars (subgiants and red giants), in which the large density gradient 
outside the core effectively divides the star into two coupled cavities. 
This leads to the phenomenon of mode bumping, in which mode fre- 
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Figure 1.9 The strong correlation between r^max and Au, based on 
Kepler observations Irom the main sequ ence (upper r i ght) to the red 
giants (lower left). Figure adapted from lHuber et ahl 



i gtit) to t 
fallbl ). 



quencies are shifted from their regular spacing. Here, we summarise the 
main features of mixed modes from an observational perspective, which 
necessarily includes a basic introduction to th e theory. For rn o re de- 
tails o n the theoretical aspects s ee, for example, Scufiaire ( 1974h : Osaki 

/in^c-h. A: ^j. „l' flir\^n\. T^^i T l_; l r* j l_l„' /linnih. 



Aerts et al 



( 197a): Aizenman et al. 119771): Dziem bowski and Pamvatnv kh (1991J); 
Christensen-Dalsgaard (2004) : lMiglio et al. (2008) : Dupret et al. (200' 



miW . 

Figure 11.101 shows theoretical oscillations frequencies for a subgiant 
star whose parameters were chosen to match r] Boo. The left panel shows 
the evolution with time of the model frequencies for modes with I — 
(dashed lines) and I = 1 (solid lines). The I = frequencies decrease 
slowly with time as the star expands. At a given moment in time, such 
as that marked by the vertical line, the radial modes are regularly spaced 
in frequency, with a large separation of Ai/ w 40 ^Hz. However, the be- 
haviour of the I = 1 modes (s olid lin e s) is rather different. They un dergo 
a series of avoided crossings (jOsakil . Il975t lAizenman et al.l . [1977|) , dur- 
ing which an Z = 1 mode is bumped upwards by the mode below, and 
in turn it bumps the mode above. The effect is to disturb the regular 
spacing of the I = 1 modes in the vicinity of each avoided crossing. The 
right panel of Fig. 11.101 shows the frequencies in echelle format for the 
single model that is marked in the left panel by the vertical line. The 
bumping from regularity of the I — 1 modes (triangles) is obvious and 
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Figure 1.10 Left: Evolution of oscillation frequencies in models of a 
subgiant star of mass I.6OM0 and Z = 0.03 (representing r; Boo). 
The dashed lines correspond to modes of degree I = 0, and the solid 
lines to / = 1. The vertical solid line indicates the location of the 
model whose frequencies are illustrated in the right panel, the thick 
solid lines show two of the I = 1 ir modes and the thick dashed line 
shows one of the 7 modes (see text). Right: Echelle diagram using 
a frequency separation of Av = 40.3juHz and a zero-point frequency 
of uq = 735^Hz. Circles are used for modes with 1 = 0, triangles for 
1 = 1, squares for I = 2 and diamonds for 1 = 3. The size of the sym- 
bols indicates the relative amplitude of the modes, estimated from the 
mode inertia, with crosses used for modes whose symbols woul d other- 
wise b e too small. Figures adapted from lChristcnscn-Dalsgaard et al.l 
(|1995l ). 



there is one extra I = 1 mode at each avoided crossing, where the modes 
are "squeezed together" . 

Bumping of / — 1 modes has been observed in the subgi ant stars rj Boo 



( Kieldsen et all . Il995l 120031: ICarrier et all. 120051). 8 Hvi (iBedding et al 



2007t) . the CoRoT target HD 49385 JPeheuvels et al I2OI0I) and the Ke- 
pler target 'Gemma' (KIC 11026764 jMetcalfe et ailboiol ). Many other 
subgiants stars observed with Kepler also show bumping oil = 1 modes, 
and observations have so far bee n pubhshed for ' Tigge r' (KIC 11234888) 
and 'Boogie' (KIC 11395018) by [Math^ZeiaD (l201l[). and for 'Mulder ' 
(KIC 10273246) and 'Scull y' (KIC 10920273) bvlCampante et all |201l[) . 
It was also suggested by iBedding et al.l (|2010al) that Procyon has an 
I = 1 mixed mode at low frequency (see Fig. II. 4p . based on the nar- 
rowness of the peak in the power spectrum. Note that mixed modes are 
expected to have longer lifetimes (smaller linewi dths) than pure p modes 
because they have larger mode inertias (e.g., IChristensen-Dalsgaardl 
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20041) . Mode inertia is a measure of the total interior mass that is affected 
by the osciUation. 

We now discuss the theoretical aspects of mixed modes in more detail. 
In particular, what causes the mode bumping and why are I = 1 modes 
the most affected? To answer these questions, we return to the idea of 
a star with two cavities, as mentioned above. We can think of subgiants 
and red giants as having p modes trapped in the envelope and g modes 
trapped in the core. Strictly speaking, these are hypothetical modes 
within each cavity rather than true oscillation modes of the whole star, 
and so th ey should proba. b ly be called 'envelope p modes' and 'core 



g modes'. lAizenman et al.l (jl977f) referred to these artificially isolated 
modes as n modes and 7 modes, which is a useful abbreviation that 
we will adopt. They are the modes that would exist if the two cavities 
were completely decoupled. In reality, there is coupling and this leads 
to a mixed mode whenever a tt mode and a 7 mode with the same I 
are sufficiently close to each other in frequency. This mixed mode has 
p-mode character in the envelope and g-mode character in the core. Note 
also that the frequencies of the n modes decrease with time as the star 
evolves, while those of the 7 modes increase with time. 

This picture allows to understand the features seen in Fig. 11.101 For 
/ — there are no mixed modes because radial g modes do not exist 
and so we have pure p modes that are regularly spaced in frequency. 
For Z = 1, the 7 modes are visible as the three upward-sloping ridges, 
one of which is mark ed with a thick dashed line (see also Fig. lb of 



Aizenman et al.l . ll977h . The I = Itt modes can also be traced in Fig. II. 10] 
by connecting the downward-sloping parts of the tracks, as shown for 
two adjacent tt modes by the thick solid lines. Recall that a mixed mode 
occurs when a tt mode and a 7 mode are close to each other in frequency, 
which happens at the intersections. In fa ct, we see that several t t mode s 



are able to couple with each 7 mode f see IPeheuvels and Michel |2010a) 



Indeed, all the I = 1 modes are bumped to some extent, with those 
closest in frequency to each 7 mode being bumped the most, as seen in 
the echelle diagram (right panel of Fig. I1.10| rl 

Figure 11.111 shows the situation for the I — 2 modes in a similar set 
of models. The coupling between the two cavities for I = 2 modes is 
much weaker than for I — 1 modes|£| which means that the tt and 7 
modes must have almost exactly the same frequency in order to couple. 

* "All modes are mix ed, but some modes are more mixed than others" (with 

apologies to George [Orwell Il945f) . 
^ The coupling strength varies inversely with the width of the evanescent region 
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Figure 1.11 Avoided crossings for I = 2 modes in a model of 
r) Boo. This is similar to the left panel of Fig. 11.101 but for a 
slightly different model and with the solid lines now showing I = 2 
modes (the dashed lines again show I = modes). Adapted from 
IChristensen-Dalsgaard and Houde^ (|2010l '). 



In Fig. 11.111 we see that the I = 2 modes (solid lines) mostly slope 
downward (following the 7r-mode tracks), indicating they are essentially 
behaving as pure p modes. The upward-sloping segments (which follow 
the 7-mode tracks) correspond to modes behaving essentially as pure 
g modes. These g-dominated modes will have very high inertias and very 
low amplitudes, making them undetectable. As a result, the observable 
I = 2 modes will only be bumped slightly or not at all, as can be seen 
in the right panel of Fig. 11.101 (squares). 



1.8.1 The p-g diagram 

It has long been recognised that mixed modes have great potential for 
asteroseismology because their frequencies are very sensitive to stellar 
interiors and because they cha nge quite ra pidly as the star evolves (e.g.. 



Dziembowski and Pamvatnvkh . 199 1 ; Chr istensen-Dalsgaard et al.l . 119951) 



One way to exploit this information is by performing a direct compari- 
son of observed frequencies with models. This has been done for rj Boo 



(jChristensen-Dalsgaard et al.l . ll995tlGuenther and Demarauelll996l : lDi Mauro et al.l . 



between the two cavit ies, and this region turns out to be wider for I ■ 
than for / = 1 modes (I Christensen- D alsgaardl . I2004f) . 
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2003a: Guenther. 2004: Carrier et al.l 2005). B Rvi (Pi Mauro et all 



2003bHFernandes and Monteirol.l20 03'['Brandao et al.l . l201l[ ). the CoRoT 



target HP 49385 (IDeheuvels and Michel . 2010ai) and the Kepler target 



'Gemma' (jMetcalfe et all 120101 ) . 



However, adjusting the model parameters to fit the observed frequen- 
cies can be difficult and time-consuming. We can ask whether the infor- 
mation contained in the mixed modes can be used more elegantly. Based 
on the preceding discussion of mixed modes and mode bumping, we are 
led to consider the frequencies of the avoided crossings themselves. For 
example, the echelle diagram in Fig. ll.lOl shows two avoided crossingf|f|, 
at about 730 and 1050 /iHz. We recognise these as the frequencies of the 
7 modes (recall that these are the pure g modes that would exist in the 
core cavity if it could be treated in isolation). Much of the diagnostic 
information contained in the mixed modes can be captured in this way. 
This is because the overall pattern of the mixed modes is determined by 
the mode bumping at each avoided crossing, and these patterns are de- 
termined by the g modes tra pped in the core (the 7 modes ). For related 
discussion on this point, see IPeheuvels and Michell (|2010bl) . 

This discussion suggests a new asteroseismic diagram, inspired by the 
classical C-P diagram, in which the frequencies of the avoided crossings 
(the 7 modes) are plotted against the large separation of the p modes. 
This p-g diagram, so named because it plots g-mode frequencies versus 
p-mode frequencies, could prove to be an instructive way to display 
results of many stars and to m ake a first comparison with theoretical 
models (jCampante et al.ll201ll : Bedding et al., in prep.). 



1.9 Solar-like oscillations in red giants 

As outlined in Sec. 11.41 there has recently been tremendous progress 
in asteroseismology of G- and K-type red giants, with solar-like oscilla- 
tions detected by CoRoT and Kepler in thousan ds of stars. There have 



also been rapid dev e lopments in the theorv (^e.g.. [ Guenther et al. 



Pziembowski et al. 
2OO9I: 



2001 



TT 



Montalban et al.' '2010^ 'Pi Mauro et al. 



^ 



200c ; 



Christensen-Palsga.ard . 2004t IPupret et al. 



20111 ). as discussed in de- 



tail by [Christenscn-Palsgaard (20111) in this volume. 



Strictly speaking, these features in the echelle diagram should not really be 
called avoided crossings, since that term refers to the close approaches of two 
modes in the evolution diagram. However, there does not seem to be any harm in 
using the term. 
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Figure 1.12 



At first glance, the oscillation spectra of red giant s are remarkably 



solar-like. As first revealed by CoRoT observations (JDe Ridder et al 



20091 ). they have radial and non-radial modes that closely follow the 
asymptotic relation. In fact, to a large extent their power spectra are 
simply scaled versions of each other, s o that the large andsmall spacings 



Bedding et ahl . boiObI ). This high 



are in a roughly constant ratio (e.g. 
degree of homology is rather unhelpful for asteroseismology, in the sense 
that the small separations lack much of the diagnostic potential that 
makes them so valuable in main-sequence stars. Fortunately, there are 
other features in the oscillation spectra of red giants that make up for 
this loss. We now discuss one of them in some detail, namely the presence 
of mixed modes with g-mode period spacings. 

Even after the first month, Kepler data revealed multiple I — 1 modes 
per order that indica ted the presence of mixed modes (see Fig. 5 of 
Bedding et al.l . l2010bl) . As with the subgiants discussed in Sec. 11.81 the 
large density gradient outside the helium core divides the star into two 
coupled cavities, with the oscillations behaving like p modes in the enve- 
lope and like g modes in the core. The difference with red giants is that 
the spectrum of g modes in the core (the 7 modes) is much denser. It is 
also important to note that, while p modes are approximately equally 
spaced in frequency (see Sec. 11.2."^ . an asymptotic a nalysis shows that 
g modes are approximately equally spaced in period (jTassoull . 119801 ). 

Figure 11.12b shows the time evolution of frequencies of a red giant 
model for modes with I = (dashed lines) and I = 1 (solid lines). It is 
very instructive to compare this with Fig. 11.101 In both cases we can 
follow the downward-sloping I — I tt modes (two examples are shown by 
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thick solid lines). They are approximately equally spaced in frequency 
(with separation Av) and they run parallel to the I — modes (which 
are pure p modes). In both figures we can also follow the upward-sloping 
^ = 17 modes (examples shown by thick dashed lines). The difference 
is that for the subgiant in Fig. 11.101 there are only three 7 modes, but 
for the red giant in Fig. 11.12b , there are dozens. As before, we have a 
mixed mode for every it mode and a mixed mode for every 7 mode. Most 
of these mixed modes are g-dominated (they follow the 7- mode tracks) , 
with very high inertia and very low amplitude. However, some mixed 
modes fall close enough to a tt mode for the coupling to be significant, 
producing p-dominated mixed modes with sufficient amplitude to be 
observable. These are shown by the triangles in Fig ll.l2b . which is the 
echelle diagram of the model indicated by the vertical line in Fig. 11.12b .. 
Note that the clusters of observed I — 1 modes are centred at the posi- 
tions expected for pure I = 1 p modes, which are about half way between 
the / = modes. 

The pattern of / = 1 clusters desc ribed above has been observed in 



red g iants using d ata from Kepler (IBeck et al.l . l201lt iBedding et al. 



20111) and CoRoT (JMosser et al.l ■ l2011a^ . The spacings within the I = 1 



clusters clearly provide valuable information about the gravity modes 
trapped in the core but to interpret them we must take into account the 
mode bumping. Each cluster is squeezed together by the presence of one 
extra mode and so the spacing we measure from the observable modes, 
which we denote APobs , will be substantially less than the spacing of the 
core g modes (the 7 modes) , which we denote APg . This is shown for the 
model in Fig. 11.12b . which plots the period spacing between consecutive 
/ = 1 mixed modes. From the upper envelope we see that APg « 75 s, but 
this is determined from the g-dominated modes, whereas the observable 
(p-dominated) modes have period differences that are lower by a factor 
ranging from 1.2 to 2. 

Another way to visualise the frequencies is shown in Fig. I1.12t i. This 
shows the model frequencies ioi I — 1 in echelle format, but setting the 
horizontal axis to be period modulo the g-mode period spacing (rather 
than frequency modulo the large frequency separation). Doing this for 
real stars is difficult because most of the I = 1 modes are not observable, 
so that finding the correct period spacing is equivalent to estimating 



the ex act number of missing I = 1 modes in each gap. iBedding et al. 



(|2011ll were only able to do this unambiguously for those stars with the 
largest number of detected modes. For the remainder, however, it was 
still possible to measure the average period spacing of the observed I = 1 
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Figure 1.13 Period spacings oi I = 1 modes i n red giants. The sym - 
bols are measurements obtained with Kepler (|Bedding et al.l . I2011f ) . 
Fihed circles indicate hydrogen-shell-burning giants and open squares 
indicate helium-core-burning stars. The solid lines show model cal cu- 
lations using ASTEC and ADIPLS l|Christensen-Dalsgaardl . l2008al lbh . 
The period spacings were com puted from the mo dels by averaging 
over the observable modes (see lWhite et al.l . l201ll . for details). The 
hydrogen-shell-burning giants evolve from right to left as they ascend 
the red giant branch. The 2.4-Mq model continues into the helium- 
core-burning stage, looping back to the right to join the so-called 
secondary clump Girardi (1999). The lower-mass models stop before 
the helium-burning stage because they undergo a helium flash that 
cannot be calculated by ASTEC. Solar metallicity was adopted for 
all models, which were computed without mass loss. 



modes (APobs)- This quantity is plotted in Fig. 11.131 against the large 
frequency separ ation, and the stars are seen to divide nicely into two 
groups (see also iMosser et al.l . l2011al) . Theoretical models confirm that 
these groups correspond to stars still burning hydrogen in a shell (filled 
circles) and thos e also burning heliu i n in the core (ope n squares; for 
more details see iBedding et al.l 1201X1: IWhite et al.ll201l[). These issue s 
are discussed in detail in this volume by IChristensen-DalsgaardI ( 2011 ) , 
who shows that the larger period spacing in He-burning stars is due to 
the presence of a convective core. 

Finally, Simon O'Toole (priv. comm.) has pointed out that the close 
agreement between the period spacings found in the He-burning red 
giants with the th ose hot subdwarf B (sdB) stars from Kepler data 



(JReed et al.l . l201lh is nicely consistent with the accepted explanation 



that sdB stars are the cores of He-burning red giants that have lost 
their envelopes. 
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